The brain's endocannabinoid retrograde messenger system decreases presynaptic transmitter release, but its physiological function is uncertain. We show that endocannabinoid signaling is absent when spatially dispersed synapses are activated on rodent cerebellar Purkinje cells but that it reduces presynaptic glutamate release when nearby synapses are active. This switching of signaling according to the spatial pattern of activity is controlled by postsynaptic type I metabotropic glutamate receptors, which are activated disproportionately when glutamate spillover between synapses produces synaptic crosstalk. When spatially distributed synapses are activated, endocannabinoid inhibition of transmitter release can be rescued by inhibiting glutamate uptake to increase glutamate spillover. Endocannabinoid signaling initiated by type I metabotropic glutamate receptors is a homeostatic mechanism that detects synaptic crosstalk and downregulates glutamate release in order to promote synaptic independence.
Plasticity of glutamatergic granule cell-Purkinje cell synapses is important for cerebellar learning 1, 2 . Independent operation of these synapses would allow information to be stored in individual synapse strengths, thereby increasing the number of motor programs that the cerebellum can store [1] [2] [3] . However, the high synapse density in the cerebellum can cause crosstalk through glutamate spillover between synapses 4 . When glutamate diffuses out of a synapse, its effect on surrounding receptors is expected to be larger when glutamate is also released at nearby synapses because of non-linear summation of glutamate's effects, either through the receptors' dose-response curve or through local saturation of glutamate uptake. As each Purkinje cell dendritic tree receives B100,000 granule cell inputs, of which only 50 need to be active to elicit an action potential 5 , physiological activity should involve synapses that are relatively scattered and hence isolated from each other. Despite that prediction, most studies of granule cell-Purkinje cell synaptic transmission have been performed, for convenience, by stimulating the parallel fibers (the granule cell axons which run through the molecular layer in a parallel geometry) so that activated synapses are adjacent.
We investigated the influence of the spatial pattern of synaptic activation on endocannabinoid-mediated plasticity 6, 7 of these synapses by whole-cell clamping Purkinje cells in rodent cerebellar slices, as described previously 4 , and comparing the effects of stimulation at different locations (Fig. 1a) . Stimulating either the granular layer or the parallel fibers in the molecular layer activates the parallel fiber synapses onto Purkinje cells 8 , but because the stimulated ascending granule cell axons rise to different levels in the molecular layer (Fig. 1a) , granular layer stimulation should activate synapses that are more spatially dispersed than occurs with molecular layer stimulation. Indeed, although the synapses recruited by granular layer stimulation generate a fast AMPA receptor-mediated excitatory postsynaptic current (EPSC fast ) similar to that evoked by molecular layer stimulation, they interact less because they are more isolated from each other 4 . We show here that endocannabinoid signaling is absent when spatially dispersed synapses are activated but that it reduces presynaptic glutamate release when glutamate spillover occurs between nearby active synapses.
RESULTS

Endocannabinoid signaling depends on stimulation site
Tetanic stimulation of the parallel fibers activates type I metabotropic glutamate receptors (mGluR1; refs. 9,10) and depresses synapses onto Purkinje cells by releasing endocannabinoids [11] [12] [13] [14] . However, whereas when parallel fibers were stimulated, tetani reliably depressed the fast AMPA receptor-mediated excitatory postsynaptic potential (EPSP fast , initial amplitude 3.4 7 0.5 mV; n ¼ 8) for about 20 s, and this was blocked by the CB1 receptor blocker AM251, in contrast, for granular layer stimulation evoking a similar EPSP fast (3.9 7 0.8 mV), tetani reliably potentiated the EPSP fast (n ¼ 11), and this was unaffected by cannabinoid receptor block (Fig. 1b-e) . Even when we paired granular layer stimulation with climbing fiber stimulation, which potentiates endocannabinoid-mediated depression produced by parallel fiber stimulation 15 , we did not see depression of the EPSC (Fig. 1e) . Thus, when spatially isolated parallel fiber synapses are activated, no significant endocannabinoid signaling occurs. density or effectiveness of cannabinoid or metabotropic receptors at the synapses activated from the different stimulation sites, as the cannabinoid agonist WIN 55,212-2 and the mGluR1 agonist DHPG reduced EPSCs evoked by molecular layer and granular layer stimulation by the same amount ( Fig. 1f-i) . Rather, it resulted from a different degree of activation of mGluR1. For an EPSC fast of B600 pA at À70 mV (B100 synapses active; see Methods), the slow mGluR1-mediated EPSC (EPSC slow ) 10 evoked by granular layer stimulation was much smaller than that evoked in the same cell by molecular layer stimulation of a similar number 4 of synapses (Fig. 2a,b) , both at 27 1C in mouse (granular layer-evoked response was 15.4 7 4.6% of the size of the molecular layer-evoked response in the same cell, n ¼ 7, P ¼ 1.7 Â 10 À6 ) and at 35 1C in rat (granular layer-evoked response was 5.5 7 1.7% of the molecular layer-evoked response, n ¼ 7, P ¼ 2.3 Â 10 À9 ).
Synaptic crosstalk activates mGluR1
To investigate why mGluR1 activation is larger for activation of spatially adjacent synapses, we analyzed how the mGluR1-mediated EPSC slow varied as a function of the number of synapses activated by molecular layer stimulation. The size of the fast AMPA receptor-mediated EPSC (EPSC fast ) in response to a single stimulus (Fig. 2c) was used to assess the number of synapses activated by a low or a high stimulation intensity 4 . The ratio of the variance to the mean of the EPSC fast amplitude was independent of stimulus intensity (Fig. 2c, inset) , consistent with the EPSC fast amplitude being proportional to the number of activated synapses 4 . NBQX (25 mM) was then applied to block AMPA receptors, and trains of ten stimuli at 200 Hz (mimicking granule cell activity in vivo 16 ) at the same two intensities were used to evoke an EPSC slow (Fig. 2d) . If all the synapses behaved independently, the EPSC slow amplitude would be proportional to the number of activated synapses and hence to the EPSC fast . In fact, when the number of activated synapses (and the size of EPSC fast ) was increased, the EPSC slow amplitude increased disproportionately (Fig. 2c-e) , and the dependence of EPSC slow amplitude on EPSC fast amplitude had an exponent of n ¼ 1.4 (Fig. 2f) . Thus, synapses do not behave independently, and part of the EPSC slow is due to crosstalk between synapses.
We assessed quantitatively the importance of synaptic crosstalk for activating mGluR1. We estimate the mean EPSC fast amplitude produced by a single activated synapse to be B6 pA (see Methods). We deduce from Figure 2f , therefore, that a single synapse activated by the ten-stimulus train used here would produce a mean EPSC slow of B34 fA. From this, we plotted a linear extrapolation (Fig. 2f , dotted line) predicting the EPSC slow amplitude that would occur if synapses did not interact. The low-and high-stimulus intensities used evoked an EPSC slow that was 4.7-and 8.3-fold higher than this prediction, showing that for molecular layer stimulation the majority of the EPSC slow is due to crosstalk. This provides an explanation for the much smaller EPSC slow seen when spatially dispersed synapses are activated by granular layer stimulation (when crosstalk is minimal) than when parallel fibers are stimulated and crosstalk occurs (Fig. 2a,b ). mGluR1 detects glutamate spillover How does mGluR1 detect synaptic crosstalk? Crosstalk between synapses could occur intracellularly or extracellularly. The EPSC slow may reflect direct activation of TRPC1 channels by mGluR1 (ref. 17 ), but molecular layer stimulation also induces an mGluR1-mediated postsynaptic calcium increase, which may increase the EPSC slow 10, 18, 19 . We examined whether summation of internal calcium concentration potentiation. However, after 30 min in whole-cell configuration, the EPSC slow when recording with 10 mM EGTA (148 7 24 pA, n ¼ 13) was similar (P ¼ 0.27) to that seen using 0.5 mM intracellular EGTA (111 7 21 pA, n ¼ 12). Furthermore, the EPSC slow amplitude still increased non-linearly with EPSC fast amplitude (Fig. 2g) . As previously reported 10 , the faster Ca 2+ buffer BAPTA reduced the EPSC slow amplitude by 64% (to 40 7 25 pA, P ¼ 0.05, n ¼ 8; see also ref. 20) after 30 min in wholecell configuration. However, the EPSC slow amplitude still increased non-linearly compared with EPSC fast amplitude (Fig. 2h) . We conclude that summation of [Ca 2+ ] i changes does not mediate the crosstalk detected by mGluR1.
Next, we considered extracellular mediation of synaptic crosstalk. Two lines of evidence suggest that the detection of synaptic crosstalk by mGluR1 is due to glutamate spillover between synapses. First, the charge transfer of the AMPA-mediated EPSC fast evoked by the stimulus trains used to evoke the EPSC slow also showed a supralinear dependence on the number of activated synapses (Fig. 3a,b) , consistent with increased spillover at higher stimulus intensities potentiating the glutamate receptor activation produced by the trains. Second, glutamate spillover is enhanced 4 by suppression of the glial glutamate transporters GLAST and GLT-1, and we found that the EPSC slow was strongly potentiated by this maneuver. Knockout of GLAST does not affect the magnitude of the EPSC fast 4 , but we found that it potentiated the EPSC slow 2.2-fold (from 75 7 27 pA in nine wild-type cells to 165 7 26 pA in six knockout cells, P ¼ 0.03; Fig. 3c ) and that fewer stimuli were needed to elicit a detectable EPSC slow (Fig. 3d) . These differences were not due to a higher expression of mGluR1 or its intracellular signaling, as t-ACPD, an mGluR1 agonist, evoked a current that was not significantly different (P ¼ 0.28) in Purkinje cells from knockout and wild-type mice (Fig. 3c, inset) . Similarly, inhibiting GLT-1 with dihydrokainate in mice lacking GLAST potentiates the EPSC fast by only 10% (ref. 4 ), but here we found that it produced a further 67 7 9% potentiation of the EPSC slow (n ¼ 3, P ¼ 0.017; Fig. 3c) . Thus, the EPSC slow is strongly increased (3. (Fig. 4b) when glutamate spillover was enhanced by partially inhibiting glutamate transporters 4 . In the presence of TBOA (200 mM), granular layer stimulation evoked a large EPSC slow (1,646 7 342 pA, n ¼ 3) comparable in size to the one evoked by molecular layer stimulation (Fig. 4b) , and the post-tetanic potentiation seen normally when stimulating the granular layer (Fig. 1e) was converted into a cannabinoid-mediated post-tetanic depression in all five cells studied (Fig. 4c) .
Suppressing crosstalk prevents mGluR1 activation
Conversely, if mGluR1-mediated cannabinoid signaling is largely activated by synaptic crosstalk between adjacent activated synapses, and this signaling suppresses glutamate release sufficiently to prevent synaptic crosstalk, then subsequent activation of adjacent synapses should not activate mGluR1 significantly. To test this prediction, we activated about 300 adjacent synapses with molecular layer stimulation (four stimuli at 200 Hz) and recorded the resulting AMPA receptor-mediated EPSC fast and mGluR1-mediated EPSC slow (Fig. 4d, À10 s) , before switching to current clamp mode and stimulating the synapses with a train of ten pulses at 200 Hz to activate endocannabinoid signaling. Ten seconds later (Fig. 4d, +10 s) , the EPSC fast recorded in voltage-clamp mode was reduced, but the EPSC slow was almost abolished (Fig. 4e) , and this abolition was blocked by AM251 (Fig. 4f,g ). Thus, the mGluR1-cannabinoid signaling activated by synaptic crosstalk does indeed reduce glutamate release sufficiently to prevent crosstalk.
DISCUSSION
We have shown that endocannabinoid signaling occurs only when nearby synapses are activated. This dependence on the spatial pattern of synapse activity is a result of mGluR1 activation being strongly dependent on crosstalk between synapses: when active synapses are spatially isolated, little activation of mGluR1 is produced (Fig. 2) , and hence little retrograde endocannabinoid signaling occurs (Fig. 1) . However, mGluR1 is strongly activated in conditions enhancing crosstalk between synapses, such as excessive glutamate release from adjacent synapses (occurring physiologically, or during experimental stimulation of the molecular layer) or when glutamate spillover is artificially increased by blocking glutamate uptake 4, 21 . Synaptic crosstalk detection by mGluR1 results in a release of endocannabinoids, which reduce presynaptic glutamate release for 20 s, thus reducing synaptic crosstalk. This adjustment of glutamate release may not alter the overall level of excitation of the Purkinje cell, as retrograde cannabinoid signaling also suppresses GABA release 22, 23 . We conclude that mGluR1-mediated crosstalk detection is a homeostatic mechanism promoting synaptic independence. It will be of interest to determine whether conditions can be found that generate significant mGluR1 activation and endocannabinoid signaling without adjacent synapses needing to release sufficient glutamate to generate synaptic crosstalk. It has recently been reported that whereas activating the climbing fiber input to Purkinje cells while stimulating the parallel fibers leads to long term depression (LTD) of the parallel fiber EPSC through a process dependent on mGluR1 activation 2 , no LTD is seen when the climbing fiber is stimulated while activating the granule cell axons by stimulating in the granular layer 24 . The lack of LTD was attributed to the preferential activation of synapses on the ascending granule cell axon, but the lack of LTD and cannabinoid signaling seen for granular layer stimulation is unlikely to reflect a lack of mGluR1 at ascending synapses, as we have found that the mGluR1 agonist DHPG depresses the synapses activated from the granular layer by the same fraction as it depresses the synapses activated by stimulating the parallel fibers (Fig. 1h,i) . Additionally, promoting glutamate spillover by blocking glutamate uptake rescues the mGluR1-mediated EPSC slow and cannabinoid signaling when the granular layer is stimulated (Fig. 4a-c) . Our data suggest that the lack of LTD for granular layer stimulation may reflect the very limited activation of mGluR1 that is produced by this stimulation (Fig. 2a,b) owing to the lack of synaptic crosstalk when spatially dispersed synapses are activated.
METHODS
Preparation. Purkinje cells were whole-cell clamped in parasagittal cerebellar slices from postnatal day 18 (P18) rats or P14-21 mice 4 at 27 1C or 33-35 1C (see text). Animal use was in accord with the UK Animals (Scientific Procedures) Act (1986).
Solutions. External solution contained (in mM) NaCl 124, KCl 2.5, NaH 2 PO 4 1, NaHCO 3 26, CaCl 2 3, MgCl 2 1, glucose 10, GABAzine 0.01 (to block GABA A receptors), bubbled with 95% O 2 /5% CO 2. Pipette solution contained (in mM) cesium gluconate 140, NaCl 4, HEPES 10, MgATP 4, Na 3 GTP 0.5, Cs 2 EGTA 0.5, CaCl 2 0.1, pH adjusted to 7.3 with CsOH. When altering the Ca 2+ buffer to 10 mM EGTA or 13mM BAPTA, the CaCl 2 added was adjusted to maintain the free calcium concentration ([Ca 2+ ] i ) at 30 nM (calculated with the program MaxChelate), and the concentration of cesium gluconate was decreased to maintain osmolarity. For current-clamp experiments (Figs. 1b-e, 4c-g ), K + replaced Cs + in the pipette.
Electrophysiology. For EPSP and EPSC slow measurements, the series resistance was not compensated, but it was o5 MO when we studied the effect of different Ca 2+ buffering power to ensure good cell dialysis. For EPSC fast measurements, series resistance was compensated to o1 MO. Stimuli were applied from a glass pipette placed in the slice below the Purkinje cell, either in the molecular layer to activate parallel fibers directly or in the granular layer (which will also activate a beam of parallel fiber activity 8 ); stimulus trains were applied every minute. The mean EPSC fast amplitude produced by a single activated synapse (p Â i 1 ) at À70 mV was estimated as B6 pA from the ratio of variance to mean measured for the EPSC fast amplitude with the internal solution used here (Fig. 1a, inset) and the probability of release (p ¼ 0.48) determined previously 4 , using variance/mean ¼ i 1 (1 À p), where i 1 is the current produced when a vesicle is released. For granular layer stimulation, the rapid time to peak of the EPSC fast suggests that granule cells or ascending axons were stimulated rather than mossy fibers, which would have led to a disynaptic, delayed EPSC fast (as was seen when stimulating the white matter; data not shown).
Statistics. Data are presented as mean 7 s.e.m. Statistical comparisons were by Student's t-test.
